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Abstract. The prospects are presented for measuring the longitudinal polarization
fraction of the W and Z boson in WZ and ZZ production at the LHC, using the
ATLAS detector. The analysis uses fully simulated samples in pp collision at 14
TeV center of mass energy with an integrated luminosity of 100 fb−1, to estimate
the background contamination, and to test the procedure of extracting the gauge
boson polarization fraction from the angular distribution of their decay products.
The systematic uncertainties from detector coverage correction and proton parton
distribution function are evaluated.
1 Introduction
The longitudinal polarization state of W and Z is of special interest due to the fact that only
massive gauge bosons can be in such a state. The generation of this state is related to the un-
derlying mechanism through which particles get their mass. The measurement of longitudinal
polarization fraction of W and Z in ZZ and WZ production has never been done by previous
experiments.
To make such measurement on ZZ → l+l−l+l− channels and WZ → l+l−lν channels in pre-
vious experiments is difficult, since it needs lots of data to perform the polarization fraction
extraction, while these channels suffer from very small production cross section, as shown in
Table 1. Benefited from high luminosity in LHC, ATLAS detector will collect much more data
than previous experiments, and it is expected to have 100 fb−1 data in a few years. It is a good
chance to perform a precise measurements in WZ and ZZ channels, not only in cross section
but also the polarization of W and Z bosons.
The paper is organized as follows. Section 2 presents theoretical framework, the expected po-
larization of W and Z in ZZ and WZ production and basic principle of measuring gauge
boson polarization in real data. Section 3 presents event selection and full simulation Monte
Carlo based background estimation. The detailed techniques and final results for polarization
measurement as well as systematics uncertainty estimation are also presented in section 3.
2 Theoretical Framework and principle to measure gauge boson
polarization in experimental data
Typical WZ → l+l−lν and ZZ → l+l−l+l− events are shown in Figure 1. Two important
angles are defined in Figure 1: the production angle θW (θZ) of W (Z) in center of mass frame
of qq¯ system and lepton decay angle θ∗l (θ
∗
f ), which is defined as lepton decay angle in the rest
frame of W (Z) with respect to W (Z) direction in center of mass frame of qq¯ system. In the
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Table 1. production cross section of ZZ and WZ in pp collision at 14 TeV center of mass energy [1].
ZZ → l+l−l+l− W+Z → l+l−l+ν W−Z → l+l−l−ν
0.067pb 0.44pb 0.28pb
Fig. 1. Typical WZ → l+l−lν(left plot) [2] and ZZ → l+l−l+l− (right plot) events [3].
following section, theoretical prediction on boson polarization in production process (pp→WZ
and pp→ ZZ), and basic principle of measuring gauge boson polarization in experimental data
are presented.
WZ and ZZ events are produced through quark interaction. Following the Standard Model
prediction, the differential cross section for transverse (σT ) and longitudinal (σL) polarized Z
and W production can be given by [2] [3]:
dσL
d cos θ





= (ρ++(sˆ, cos θ) + ρ−−(sˆ, cos θ)) · dσ
d cos θ
, (2)
where ρ00, ρ++, ρ−− is diagonal element of spin density matrix. Sum of ρ++, ρ−− and ρ00
should be 1 (i.e. ρ00 + ρ++ + ρ−− = 1). sˆ is the reduced center of mass energy of qq¯ system. θ
(i.e. θW or θZ) is the production angle of W (or Z) boson, as shown in Figure 1.
Before further discussion on the sˆ dependence of boson polarization state, basic principle of
gauge boson polarization measurement in experiment is mentioned in this section. It is not
possible to measure boson polarization event by event in experiment. However it is possible
to extract the fraction of each polarization component statistically by measuring the angular
distribution of the charged lepton in the rest frame of the decaying gauge boson. The expectation
from the Standard Model for angular distribution of lepton decayed from W boson in WZ












(1− cos θ∗l )2 + ρ00
3
4
sin2 θ∗l , (3)
where the θ∗l in defined in Figure 1. In case of Z boson in WZ, ZZ production, the angular








(1+cos2 θ∗l +2·A·cos θ∗l )+ρ++
3
8
(1+cos2 θ∗l −2·A·cos θ∗l )+ρ00
3
4
sin2 θ∗l , (4)
where A = 2·v·a
v2+a2
in WZ channel in terms of v and a the vector and axial vector couplings of
Z to leptons, and A = 0 in ZZ channel.
Will be inserted by the editor 3
Based on the expected angular distribution for each polarization state of gauge boson from
the Standard Model, there are two ways to extract the fraction of each polarization.
– The first method is to do three parameters (ρ00, ρ++ and ρ−−) fitting in decay angle
distribution based on Eq. 3 and Eq. 4 to extract the fraction of each polarization state.
– Another way is to project the measured decay angle distribution to each polarization state by
using helicity projection operators (Λττ ′ ) [7] for extracting the fraction of each polarization
state of gauge boson. The projection operators Λττ ′ is designed to extract corresponding
ρττ ′ contribution when integrated with the full angular distributions of decay angles. For
example, the projection operators Λττ ′ for Z boson in ZZ channels should satisfy Eq. 5:
ρZ
ττ
′ (s, cos θZ) =
∫
d3σ









one possible choice projection operators is given in [7]:
ΛTT = Λ++ + Λ−− =
1
2
(10 cos2 θ∗l − 2), Λ00 = 2− 5 cos2 θ∗l , (6)
where ΛTT and Λ00 are projection operators for extracting transverse and longitudinal
polarization contribution.
Since the helicity projection operator method requires that full decay angle distribution
should be measured with good resolution, it can only be used in ZZ channel in which decay
angles are well measured.
In the qq¯ interaction from proton-proton collisions, the value of true sˆ varies over a significant
range. It is unique opportunity to study sˆ dependence in boson polarization. To demonstrate
such dependence, we use MC@NLO generator [8], the CTEQ6M [9] parton distributions func-
tions to simulate WZ and ZZ events in pp collision at 14 TeV center of mass energy. By doing
generator level study, it is demonstrated in Figure 2 that the distributions of angles (cos θ∗l )
from decay products of Z and W change considerably between different sˆ bins.
3 Polarization measurement of the Z and W bosons
3.1 Polarization measurement of the Z and W bosons in WZ channel
3.1.1 Event selection for WZ → l+l−lν
The process WZ → l+l−lν can potentially have some dangerous backgrounds, for example
backgrounds from productions of tt¯, W+W−, ZZ, Z+jet and Z+γ. All these backgrounds can
contain three real or fake leptons in the final state. In order to evaluate the contributions of
possible background sources. Monte Carlo (MC) samples are produced by Pythia [10] generator,
subjected to the full ATLAS detector simulation, and are reconstructed as in real data. To
enhance signal to background ratio, the following cuts are used.
– A1: require at least three leptons which pass lepton identification cut (lepton: electron or
muon).
– A2: require transverse momentum of leptons larger than 25 GeV.
– A3: require missing transverse energy larger than 25 GeV.
– A4: the invariant mass of the two leptons associated with Z is required to be within 12 GeV
of Z mass window, that is |Mll −MZ | < 12 GeV, where MZ is the mass of Z boson quote
from Ref. [11].
– A5: require at most 1 jet with transverse momentum less than 30 GeV. This cut reduce
contamination from multi-jet background.
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Fig. 2. Distribution of lepton decay angle (cos θ∗l ) for Z and W




– A6: reconstructed transverse mass of W is required to be in such a window: 50 GeV<
|MWT | <90 GeV, where transverse mass of W (MWT ) is composed of transverse momentum













– A7: the angle in transverse plane between the missing transverse momentum and the nearest
lepton is required to be larger than 40 degree. This cut is designed to reject events with
fake missing transverse energy.
The expected number of events passing each selection stage are presented in Table 2 [2], showing
that the level of background to WZ events is around 1 percent after all selection cuts.
3.1.2 Gauge boson polarization measurement technique in WZ → l+l−lν
One experimental difficulty is to reconstruct the lepton decay angle in the rest frame of W
boson. This is due to the inability to measure the longitudinal momentum of the neutrino (P νz )
in hadron collider experiment. However if we make the assumption that W boson in selected
WZ events is on shell, constraining the invariant mass of the lepton and neutrino system to W
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Table 2. Expected number of events for signal and background after cuts for an integrated luminosity
of 100 fb−1 [2].
W−Z W+Z tt¯ W+W− ZZ Z + jet Z + γ all background
A1 8025 11100 87080 1596 591 10081 12372 111720
A2 4329 5748 3724 192 266 735 6150 11067
A3 3387 4611 3108 156 65 54 432 3815
A4 3281 4451 672 6 43 51 330 1102
A5 1764 2212 280 0 22 32 126 460
A6 and A7 1265 1608 4 0 5 11 8 28





(A · P eL ± Ee
√






, MW is the mass of W boson quoted from Ref. [11].
To solve this two fold ambiguity of P νz , the corresponding cross section contribution for each
solution is calculated using the formalism of Ref. [12] as the weight. A solution with larger
weight is more likely to be the true solution. Reconstructed cos θ∗l and sˆreco results are cal-
culated for two solutions. By taking average of these two results according to the weight of
corresponding solution, final estimation values for cos θ∗l and sˆreco are obtained. It is checked in
Monte Carlo study that this technique can provide an unbiased estimation of cos θ∗l and sˆreco
with reasonable resolution.
Another experimental difficulty in decay angle distribution measurement is the factor that
detector detection efficiency and acceptance is not uniform in different cos θ∗l and sˆreco bins.
Detector corrections must be applied in order to get comparable results with theoretical predic-
tions. In detail, the detector correction factors are given by dicor =
Nigen
Nimeas
, where Ngen (Nmeas)
is the number of generated (measured) events in i-th bin of sˆreco and cos θ
∗
l . This procedure is
done in each of the sˆreco and cos θ
∗
l bin separately.
3.1.3 Result and systematic uncertainty in boson polarization measurement in WZ → l+l−lν
By fitting the reconstructed cos θ∗l distribution on selected WZ → l+l−lν events using Eq. 3
and Eq. 4, fraction of longitudinally polarized W and Z bosons are extracted . The extracted
ρ00 for each sˆreco bin using simulated data of 100 fb
−1, shown in Tables 3, is consistent with
true ρ00 within two standard deviation. The errors on the simulated data indicate the expected
sensitivity of the measurement. Systematic uncertainty is expected to be smaller than statistical
error, indicating that the assumptions and corrections we apply on decay angle measurement
are acceptable. The systematic uncertainty mainly comes from the choice of proton parton
distribution function (PDF), the uncertainty of event weight used in the reconstruction of the
decay angle, and uncertainty from limited MC statistics.
The PDF uncertainty is estimated by calculating the correction factor for each of 40 eigenvector
PDF sets corresponding to the CTEQ6M central set. Each of the 40 PDF sets is used to extract
a new value for ρ00 and the systematic error is obtained from the width of ρ00 distribution. The
impact from possible non-SM couplings has been taken into account in the calculated event
weight for each reconstructed solutions of neutrino. The amount of variation in the coupling is
taken from the Tevatron limits [13].
3.2 Polarization measurement of the Z boson in ZZ channel
3.2.1 Event selection for ZZ → l+l−l+l−
The possible background sources to ZZ → l+l−l+l− are Z → τ τ¯ ,tt¯ and Zbb¯ events, all of
which contain four real or fake leptons in the final state. In order to evaluate the background
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Table 3. The measured longitudinal polarization fraction (ρ00) values of W (or Z) boson in WZ →
l+l−lν channel from 100 fb−1 MC simulated data. The errors are split into their statistical and sys-
tematical components [2].
√
sˆreco[GeV] ρ00 ± stat± syst true ρ00
W− in W−Z 170 <
√
sˆreco < 215 0.263± 0.084± 0.015 0.284
W− in W−Z 215 <
√
sˆreco < 270 0.288± 0.092± 0.020 0.20
W− in W−Z
√
sˆreco > 270 0.166± 0.084± 0.018 0.10
Z in W−Z 170 <
√
sˆreco < 215 0.172± 0.074± 0.011 0.22
Z in W−Z 170 <
√
sˆreco < 215 0.274± 0.073± 0.017 0.20
Z in W−Z 170 <
√
sˆreco < 215 0.077± 0.079± 0.019 0.14
W+ in W+Z 170 <
√
sˆreco < 215 0.176± 0.057± 0.021 0.14
W+ in W+Z 215 <
√
sˆreco < 270 0.171± 0.063± 0.015 0.21
W+ in W+Z
√
sˆreco > 270 0.096± 0.061± 0.012 0.09
Z in W+Z 170 <
√
sˆreco < 215 0.103± 0.056± 0.012 0.22
Z in W+Z 170 <
√
sˆreco < 215 0.134± 0.055± 0.019 0.19
Z in W+Z 170 <
√
sˆreco < 215 0.147± 0.054± 0.011 0.12
contamination, Z → τ τ¯ , tt¯ and Zbb¯ events have been produced using Pythia [10] and Acer
MC respectively. The following event selection cuts are applied to select pure ZZ → l+l−l+l−
samples.
– B1: require four leptons with loose cut (PT > 7 GeV, |η| < 2.5).
– B2: at least two hard leptons with PT > 20 GeV.
– B3: require two pairs of opposite sign, same flavor leptons should be inside Z mass window
|Mll −MZ | < 12 GeV.
Benefited from Z mass constraint, most of backgrounds can’t survive after event selection cuts.
Total background contaminations to select ZZ → l+l−l+l− events are less than 1 percent.
3.2.2 Result and systematic uncertainty in boson polarization measurement in ZZ → l+l−l+l−
By projecting the reconstructed cos θ∗l distribution of selected ZZ → l+l−l+l− events onto
each polarization state of Z boson using the helicity projection operators method mentioned in
section 2, fraction of each polarization state of Z bosons are then extracted.
In detail, the probability of each decay angle belonging to the distribution of each polarization
state (ρττ ′ ) can be obtained by using the projection operators. By averaging such probabilities
of decay angles in all selected ZZ events, estimator for the fraction of each polarization of Z











where Λττ ′ has been defined in Eq. 5 and Eq. 6, N is the number of selected ZZ events.
The measured ρ00 for each sˆ bin using simulated data of 100 fb
−1 is shown in Table 4. The
errors on the simulated data show the expected sensitivity of the measurement. The systematic
uncertainties mainly come from limited MC statistics and the choice of the proton structure
function, as described in section 3.1.3.
The reason ρ00 drops in the lowest
√
sˆ bin, in which
√
sˆ is less than 2 times of Z mass, is due to
the fact that contribution from Z/γ∗ interference become more significant in the lowest energy
bin.
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Table 4. The measured longitudinal polarization fraction (ρ00) values of Z boson for the different
√
sˆ
bins in ZZ → l+l−l+l− [3] using 100 fb−1 MC simulated data. The error is split into its statistical and
systematical components. The number of Z’s expected for 100 fb−1 is also shown.
√
sˆ[GeV] ρ00 ± stat± syst true ρ00 Number of Z√
sˆ < 180 0.044± 0.104± 0.053 0.150 205
180 <
√
sˆ < 215 0.418± 0.052± 0.015 0.404 651
215 <
√
sˆ < 300 0.245± 0.044± 0.015 0.301 906√
sˆ > 300 0.033± 0.065± 0.028 0.158 432
4 Summary
The expected sensitivities are presented for measuring the longitudinal polarization fraction
and its dependence on
√
sˆ of the W and Z boson in WZ and ZZ production at the LHC, using
the ATLAS detector with 100 fb−1 MC data. This measurement is important for testing the
Standard Model prediction in gauge boson coupling, and it can also shed light on new physics.
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